Introduction {#s1}
============

The primary cilium is a microtubule-based organelle that protrudes from the plasma membrane and acts much like an 'antenna' to sense extracellular signals. Primary cilia are usually immotile but can sense physical and chemical signals. Cells with primary cilia have only a single cilium extending from the cell surface. At the base of the primary cilium is the basal body (also known as the mother centriole), which is anchored to the plasma membrane. The basal body nucleates the microtubule bundles that extend up the cilium ([Figure 1A)](#pone-0068521-g001){ref-type="fig"}. Hundreds of proteins have been identified that make up the primary cilium \[[@B1]\]. Many of these proteins localize to the cilium to regulate the sensory or signaling functions of the primary cilium. Cilia act like antennae through sensing extracellular signals and help regulate cell signaling; for example, primary cilia are negative regulators of the Wnt pathway \[[@B2],[@B3]\]. Specifically, primary cilia dampen the Wnt signaling response by compartmentalizing Wnt signaling proteins, such as the positive regulator Jouberin \[[@B3]\]. Cilia have a demonstrated role in developmental biology and human diseases known as ciliopathies (e.g. Joubert syndrome (JBTS), polycystic kidney disease (PKD), Bardet--Biedl syndrome (BBS), and nephronophthisis (NPHP)) \[[@B4]\].

![Primary cilia expression is decreased in preinvasive and invasive prostate cancer.\
Images of (A) normal prostate and (B) invasive prostate cancer. Serially adjacent slides were stained with H&E to visualize tissue morphology or stained fluorescently for nuclei (Hoechst; blue), primary cilia (Ac-Tub; red) and centrosomes (γ-Tub; green). Labeled structures are lumen (Lum), cancer (Ca), and stroma (Strm). Inset shows magnification of (A) a primary cilium on a normal epithelial cell and (B) a centrosome without a cilium on a cancer cell. Asterisk denotes nonspecific staining (C, top). Box plot of the percent of ciliated epithelial and cancer cells per patient for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perinerual invasion (Peri). Orange line and arrow correspond to Q4 (quartile 4; greater than the 75^th^ percentile for normal tissue) and blue line and arrow correspond to Q1 (quartile 1; less than or equal to the 25^th^ percentile for normal tissue). Statistics were performed using linear regression (\*\*\* = p\<0.001) (C, bottom). The percent of patients with an abnormally high percent cilia (Q4; orange) or an abnormally low percent cilia (Q1; blue). (D) Percent of Ki67 positive invasive cancer cells and perineural invasion cancer cells per patient (x-axis) versus percent ciliated cancer cells for the same patient (y-axis). Statistical analysis was a non-parametric spearman correlation.](pone.0068521.g001){#pone-0068521-g001}

Cilia also play a causal role in tumorigenesis \[[@B5],[@B6]\]. Mouse models demonstrate that in some contexts cilia are required to promote cancer while in other environments loss of cilia increases tumor incidence. Reduced cilia expression has been observed in human cancers including pancreatic cancer, renal cell carcinoma, breast cancer, cholangiocarcinoma, and melanoma \[[@B7]--[@B11]\]. These studies support the hypothesis that primary cilia can act as a tumor suppressor organelle in some tissues. Loss of primary cilia was further demonstrated in premalignant pancreatic intraepithelial neoplasia, suggesting that cilia loss may need to occur early to allow for pancreatic cancer formation \[[@B10]\].

The frequency and functionality of primary cilia in preinvasive and invasive human prostate cancer has not been carefully characterized. Prostate cancer is the second most commonly diagnosed cancer and the sixth leading cause of cancer-related deaths in men worldwide. The canonical Wnt signaling pathway has been implicated in human prostate cancer, but the role of this pathway in prostate cancer is not fully understood. The current study is aimed at characterizing primary cilia frequency and function in human prostate cancer and to examine the correlation between primary cilia expression and Wnt signaling. We demonstrate that primary cilia frequency is decreased in all stages of prostate cancer, from early preinvasive lesions to invasive stages. Primary cilia lengths are also decreased in preinvasive and invasive prostate cancer, suggesting loss of function. We further demonstrate that cilia absence correlates with increased nuclear β-catenin localization in normal prostate tissue, and nuclear β-catenin is upregulated in PIN, a subset of prostate cancers, and perineural invasion areas.

Materials and Methods {#s2}
=====================

Human tissue specimens {#s2.1}
----------------------

All formalin-fixed paraffin-embedded tissue samples were obtained from the Tissue Acquisition and Cellular/Molecular Analysis Shared Service (TACMASS) at the University of Arizona Cancer Center. Prostatectomy tissue samples were acquired from patients undergoing open radical prostatectomies from 2006 to 2009. Tissue from only one patient was acquired through transurethral resection of the prostate. For the prostate tissue, a total of 32 blocks from 25 cases were chosen based on the presence of areas of interest, which were identified by a pathologist looking at the archived hematoxylin and eosin (H&E)-stained tissue slide for each tissue block. Out of the 25 cases, 23 cases had a cancer located on the tissue block. In seven cases, two tissue blocks were used from the same patient to obtain all the tissue areas of interest. Tissue microarray (TMA) slides were also used from tissue acquired from patients undergoing open radical prostatectomies from 1992 to 2001. Five TMA slides containing \~54 cores (1 mm each) per slide were utilized. Each patient sample was represented four times among the TMA slides with three cores from tumor tissue and one core from normal tissue. From the TMA slides, tissue cores from a total of 53 patients were chosen based on the presence of usable tissue with cancer and/or perineural invasion lesions. Of the TMA tissue from the 53 patients, 1 patient had only perineural invasion lesions. For all the prostate tissue samples described, a single urologist performed the surgeries. Patient and clinical data was also obtained for most patients, including age at surgery, pathological tumor stage, pre-operative free prostate specific antigen (PSA) levels, biochemical recurrence, time to biochemical recurrence, capsular penetration, and largest tumor volume. Written consent was given by the patients for their information to be used for research. Biochemical recurrence was defined as free serum PSA \>0.1 ng/ml for two consecutive measurements. The range of the length of time between surgery and last follow-up is 10 months to 16 years. Pathologically normal, cancer-free prostate tissues from 10 patients were used as controls and were obtained from patients with bladder cancer who underwent cystoprostatectomies.

Serial tissue sections were cut for each patient sample. The first serial section was stained for H&E and the entire tissue section was scanned with a 20x objective using the automated DMetrix slide scanner (DMetrix, Inc.). Digital images were annotated using the Eyepiece software (DMetrix, Inc.) by a certified pathologist for each of the areas of interest per tissue slide. For the whole cohort, the areas of interest used were as follows: pathologically normal prostate from bladder cancer patients (n=10), pathologically normal prostate adjacent to cancer (n=16), benign prostatic hyperplasia (BPH; n=8), prostatic intraepithelial neoplasia (PIN; n=24), low-grade PIN (LG PIN; n=13) and high-grade PIN (HG PIN; n=18), low-grade (LG; Gleason sum score =6; n=35) and high-grade cancers (HG; Gleason sum score \>6; n=40), and perineural invasion lesions (n=18). All of the tissue types were taken from the radical prostatectomies, except for the pathologically normal prostate tissue from bladder cancer patients (these were from cystoprostatectomies). Seven patients had both LG (increased nuclear-to-cytoplasmic ratio, and increased nuclear size) and HG (presence of prominent nucleoli, increased nuclear-to-cytoplasmic ratio, and increased nuclear size) PIN. Gleason sum score is a grading method used to assess the degree of differentiation \[[@B12]\].

Immunofluorescence {#s2.2}
------------------

The tissue slide serial to the H&E-stained slide was used for co-staining of cilia, centrosomes and cytokeratin 5 (CK5). Paraffin-embedded tissue slides were deparaffinized in a dry incubator at 65°C for 15 minutes and hydrated by washing with Xylene (2 x 10 min), 100% Isopropanol (2 x 10 min), 70% Isopropanol (2 x 10 min), 50% Isopropanol (2 x 10 min), and ultrapure water (2 x 10 min). All washes were at room temperature. Antigen retrieval with a 1mM EDTA unmasking solution was performed using a 2100 Retriever (Electron Microscopy Sciences) according to manufacturer's instructions. Tissue slides were placed in Shandon Coverplates (Thermo Scientific, Cat\# 72-110-017) and then into Sequenza Slide Racks (Thermo Scientific, Cat\# NC0263065). Tissue slides were blocked with ChemMate Antibody Dilution Buffer (Ventana Medical Systems, Inc., Cat\#ADB250) with goat serum (5%) (Invitrogen Corporation, Cat\# 16210-064) for 45 minutes at room temperature. Primary and secondary antibodies were diluted in the ChemMate Antibody Dilution Buffer at 1:1000. Primary antibodies were used against acetylated tubulin (mouse monocloncal IgG~2B~, Sigma, Cat\# T7451, clone 6-11B-1), γ-tubulin (mouse monoclonal IgG1, Sigma, Cat\# T5326, clone GTU-88), and CK5 (rabbit polyclonal, Abcam, Cat\# ab24647), and incubated on the tissue overnight at 4°C. Five slides were stained with another primary antibody against CK5 (ready to use mouse monoclonal IgG1, Leica Microsystems, Cat\# CK5-R-7-CE) to verify the specificity of the CK5 antibody used. One prostate tissue slide with normal and cancerous areas were also stained with a primary antibody against Arl13b (mouse monoclonal IgG~2a~, UC, Davis/NIH NeuroMab Facility, clone N295B/66) to verify the marking of cilia with the antibody against acetylated tubulin. The slides were then washed with PBS for 10 minutes (3 x 10 min). The secondary antibodies used were tetramethylrhodamine isothiocyanate (TRITC)-labeled goat anti-mouse-IgG~2B~ (Southern Biotech, Cat\# 1090-03), Alexa 633-labeled goat anti-mouse-IgG1 (Invitrogen, Cat\# A21126), Alexa 546-labeled goat anti-mouse-IgG~2a~ (Invitrogen, Cat\#A21133) and fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit-IgG (Southern Biotech, Cat\# 4052-02). Secondary antibodies were incubated on the tissue for 45 minutes at room temperature. Slides were washed with PBS for 10 minutes (3 x 10 min). Hoechst 33342 (Cat\#H3570, Invitrogen) was used as a counterstain at 1:1000 and incubated on slides for 10 minutes, followed by washing with PBS for 5 minutes (2 x 10 min). Slides were mounted with 1.5 coverslips (0.16-0.19 mm thickness) (Fisher Scientific, Cat\# 12-544B) using Prolong Gold Antifade mounting media (Cat\# P36934, Invitrogen).

Confocal imaging {#s2.3}
----------------

The tissue slide that was serially adjacent to the digitally scanned H&E slide was fluorescently stained for cilia, centrosomes, CK5 and Hoechst. The Leica TCS SP5 II laser scanning confocal microscope (Leica Microsystems) was used to image the fluorescently-stained slides. Areas of interest were found using a low-power magnification objective (10x, 0.4 PI Apo) to visualize Hoechst counterstain on the fluorescently-stained slide and by referencing the annotated serially adjacent H&E that was digitally scanned. This allowed us to find the exact same area of interest that had been annotated by the pathologist on the H&E. Once the area of interest was found, Z stacks were then acquired with the violet-laser diode at 405 nm to detect Hoechst staining at a total thickness of 2 ± 0.5 µm, with a Z-step taken every 1 µm. Cilia were then imaged within these areas of interest using a 63x objective (1.4 NA PL Apo) with the helium neon lasers (543 nm and 633 nm), CK5 was imaged with the argon laser (488 nm), and the violet-laser diode (405 nm) was used to detect Hoechst staining. Z-stacks were acquired at a total thickness of 5.0 ± 0.5 µm, with a Z-step taken every 0.34 µm (image resolution 2048x2048 pixels). We acquired a range of 1-6 images per location using the 63x objective per tissue type per patient and this varied depending on the size of the location. Z images were processed post-acquisition to maximum projections using the Leica LAS AF software for image analysis.

Confocal image analysis {#s2.4}
-----------------------

Cilia frequency and cilia lengths were obtained for each cell type using the Leica LAS AF software. Cilia were only scored when both ciliary axoneme and centrosome were visible together. For each cell type \[CK5 positive (CK5+) epithelial/cancer cells, CK5 negative (CK5-) epithelial/cancer cells, and CK5-stromal cells\], nuclei were counted using the count tool, and cilia lengths were measured using the scale bar tool. The number of cilia per cell type was divided by total nuclei per cell type to obtain a percentage of ciliated cells. At least 171 nuclei were counted per tissue type per patient (max=2770, median= 782). Median cilia lengths per patient were determined and used in data and statistical analyses. Boxplots illustrate the data, where the 75^th^ and 25^th^ percentiles are marked by the upper and lower box limits, respectively. The black line within the box denotes the median. Outliers are defined as either \< 25^th^ percentile -1.5X interquartile range, or \>75^th^ percentile + 1.5X interquartile range (open circles). Extreme outliers were defined as either \< 25^th^ percentile -3X interquartile range, or \>75^th^ percentile + 3X interquartile range (sold circles). We utilized data obtained about percent cilia and cilia length found in normal prostate to establish a cutoff to provide a relative comparison point to cilia found in PIN and cancer samples. The upper and lower 25^th^ percentiles were chosen as our relative normal cutoffs and this was kept consistent throughout our analysis. From the boxplots, the percent of patients with an abnormal percent of ciliated cells or abnormal median cilia length were calculated. These abnormal measurements were defined by the 75^th^ and 25^th^ percentiles of normal. Values were considered abnormally high if they fell above the 75^th^ percentile of normal and abnormally low if they fell at or below the 25^th^ percentile of normal. Nothing is known about precise lengths of cilia needed for normal function. Therefore, our upper and lower 25^th^ percentile cutoff only provide a frame of reference for comparison to normal.

Immunohistochemistry {#s2.5}
--------------------

Formalin-fixed paraffin-embedded tissue slides were stained with a similar protocol used for immunofluorescently stained slides described above. Antigen retrieval was performed as described but with the Vector Antigen Unmasking Solution (1:106) (Vector Laboratories, Cat\# H-3300), followed by quenching of endogenous peroxidase activity at room temperature for 20 minutes using hydrogen peroxide in methanol (0.3%). Slides were then washed with PBS (4 x 10 min), placed into Shandon Coverplates (Thermo Scientific, Cat\# 72-110-017) and then into Sequenza Slide Racks (Thermo Scientific, Cat\# NC0263065). Slides were then blocked with 2.5% normal horse serum blocking buffer (Vector Laboratories, Cat\# S-2012) for 20 minutes, and then with ChemMate Antibody Dilution Buffer (Ventana Medical Systems, Inc., Cat\# ADB250) with goat serum (5%) (Invitrogen Corporation, Cat\# 16210-064) for 45 minutes. All washes and blocking steps were at room temperature. Primary antibodies were diluted in the ChemMate Antibody Dilution Buffer. The following primary antibodies were used: β-catenin primary antibody (1:400, mouse monoclonal IgG1, BD Transduction Laboratories, Cat\#610154) and Ki67 (1:100, mouse monoclonal IgG1, Dako, Cat\#M7240, clone MIB-1). Colon adenocarcinoma tissue slides were used as a positive control for β-catenin and Ki67 staining. Tissue slides with secondary antibody only were used as a negative control. Primary antibodies were incubated on tissues overnight at 4°C. Slides were then washed in PBS (3 x 10 min). A universal anti-rabbit, anti-mouse secondary antibody conjugated to peroxidase (ImmPress Universal Reagent, Vector Laboratories, Cat\# MP-7500) was incubated on the tissue for 30 minutes, followed by a wash in PBS for 5 minutes. 3-amino-9-ethylcarbazole (AEC) with high sensitivity substrate chromogen (Dako, Cat\# K3461) was use as the peroxidase substrate for β-catenin and Ki67 staining. AEC was incubated on slides for 3 minutes for β-catenin staining and 7 minutes for Ki67 staining. Tissue slides were rinsed with distilled water for 5 minutes. Hematoxylin 1 (Thermo Scientific, Cat\# 7221) was used to counterstain the tissue slides. Hematoxylin 1 was diluted 1:3 and incubated on tissue slides for 15 seconds and then rinsed in tap water until water ran clear. Faramount Aqueous Mounting Media (Dako, Cat\# S3025) was used for mounting slides using 1.5 coverslips (0.16-0.19 mm thickness) (Fisher Scientific, Cat\# 12-544B).

Immunohistochemistry analysis {#s2.6}
-----------------------------

Whole slides stained for β-catenin were scanned using an automated Dmetrix scanner at 20x magnification (DMetrix Inc.). Slides stained for Ki67 were scanned using a 20x objective with the BioImagene scanner (Ventana Medical Systems). The same locations used for primary cilia analysis were found by referencing the annotated H&E slide. These areas of interest were exported as TIFF files from the Dmetrix scan files, and as JPEG files from the BioImagene scan files, and uploaded into Definiens Tissue Studio 3.0 Software (http://www.tissuestudio.com). Tissue Studio 3.0 Software was tested for absolute agreement with manual hand counts performed by two separate investigators. Images from six normal prostate and six prostate cancer locations were blindly scored for nuclear staining of Gli1, where each nucleus was scored as either positive or negative. For each image, Tissue Studio 3.0 was used in conjunction to quantify the number of positive and negative cells/nuclei. A statistical test that is used to measure the consistency and absolute agreement of measurements made by different observers (intraclass correlation) was applied to the data obtained for the six normal and cancerous prostate tissues. The intraclass correlation coefficient was determined as 0.7, using SPSS 19 (Statistical Package for the Social Sciences; IBM Corporation), which is considered strong agreement.

For Ki67 analysis, some patient tissue could not be used for analysis due to too many serial sections missing between the Ki67-stained slide and the H&E slide, making it impossible to locate the exact area used for primary cilia analysis. The number of patients used for cancer was 72, and the number of patients used for perineural invasion was 15. For the Ki67 analysis with Definiens Tissue Studio, a modified Nuclei (Positive/Negative) solution was used. The epithelial/cancer and stromal compartments of cancer and perineural invasion areas were separately analyzed using the Manual ROI Selection (Select Segments) segmentation tool, with a segmentation of 8. The hematoxylin and immunohistological (IHC) threshold were set at 0.12 arbitrary units (a.u.) and 0.03 a.u., respectively. The IHC threshold was determined by identifying the lightest positively-stained nucleus in the sample set and using this value as the cutoff for positivity. A Nucleus Morphology and Filter step was used to exclude objects mistakenly identified as nuclei. From the exported results, positive indices were computed per tissue type per patient.

Some patient tissue could not be used for β-catenin analysis due to inadequacy of serial sections, or too many serial sections missing between the β-catenin stained slide and the H&E slide, making it impossible to find the exact location. For normal, the number of locations utilized was 26, from 10 patients. For PIN, the number of locations was 19, from 13 patients. For cancer, 154 locations were used, from 64 patients. For perineural invasion lesions, the number of locations used was 23, from 11 patients. For the β-catenin analysis with Definiens Tissue Studio, the percentage and intensity of nuclear staining in epithelial and cancerous tissue was acquired. Stroma was excluded from the analysis since β-catenin is mostly expressed in epithelial cells. For the analysis, a modified Nuclei, Membrane and Cells solution was used. The magnification and resolution was set to 20x and 0.5 µm/pixel, respectively. A Manual ROI Selection (Draw polygons) was used for normal, PIN, cancer, and perineural invasion areas to separately analyze the epithelial compartment. In normal, basal cells, which were identified by position, morphology and according to the CK5-stained serially adjacent tissue section, were selected separately from the luminal cells for analysis. In PIN, cancer, and perineural invasion lesions, the whole epithelial/cancer compartment was selected for analysis. After regions of interest were selected, separate nuclei and cells were identified using manually set parameters and thresholds, followed by classification of nuclei based on manually set thresholds. To identify nuclei and cells, "membrane" was chosen for the IHC marker. For nucleus detection, hematoxylin and IHC thresholds were set at 0.055 arbitrary unit (a.u.) and 1.02 a.u., respectively. For detection of membranes and cells, the IHC threshold was set to 0 a.u., and the membrane thickness to 1 pixel. Nuclei classification thresholds were set to classify a nucleus as having either no, low, medium or high immunohistochemical staining. These thresholds were chosen individually based on slides from a control prostate tissue sample used in every staining run, by identifying the darkest and lightest nuclear staining. The lightest staining was used to set the no/low staining threshold, the highest staining was used for the medium/high threshold, and the value in between those two thresholds were used for the low/medium threshold. The nuclear thresholds for no/low staining ranged from 0.3--0.4 a.u., low/medium staining ranged from 0.45--0.55 a.u., and medium/high staining ranged from 0.6--0.7 a.u.

The histological score was calculated from the following formula: 3X (% nuclei stained high) + 2X (% nuclei stained medium) + 1X (% nuclei stained low). The histological score was determined for each separate location which had been used for cilia analysis, and this was plotted versus percent cilia. It should be noted that there are multiple locations per patient, and this was taken into account during statistical analysis.

Statistical analysis {#s2.7}
--------------------

Percent ciliated cells and cilia lengths were measured for individual cells by participant and cell type: CK5+, CK5-, and stromal cells. Scatter plots of percent ciliated cells and cilia lengths revealed highly skewed distributions. As a result, medians are reported in tables of summary statistics. Statistical significance was assessed using a linear regression model that clustered on cases in order to control for multiple observations per participant. The dependent variables were log transformed to make them more normal. Differences between diagnostic categories were obtained by fitting indicator variables for each diagnosis. Linear trends in severity of diagnosis was tested by fitting diagnosis as a continuous variable. The correlation between percent cilia and Ki67 score of cancer was performed using a non-parametric Spearman correlation. Associations between percent cilia and patient data were quantified using linear regression. Analysis for differences in nuclear β-catenin was performed using correlation, linear regression, and two-by-two tables. All analyses were performed in STATA (StataCorp). A p-value of less than 0.05 was considered statistically significant. The statistical analyses do not control for multiple comparisons.

Results {#s3}
=======

Primary cilia expression is decreased in preinvasive and invasive prostate cancer {#s3.1}
---------------------------------------------------------------------------------

To characterize the frequency of primary cilia in different severities of human prostate cancer, primary cilia presence was determined for the different tissue types: cancer-free normal tissue, prostatic intraepithelial neoplasia (PIN), cancer and perineural invasion lesions (see [Table 1](#tab1){ref-type="table"} for details). The first serial section was stained with H&E to identify areas of normal, PIN, cancer and perineural invasion lesions. The H&E slide was used as a reference to find the tissue types of interest on the adjacent serial section, which was stained for acetylated tubulin (Ac-Tub) to visualize primary cilia and γ-tubulin (γ-Tub) to identify associated centrosomes ([Figure 1A and 1B)](#pone-0068521-g001){ref-type="fig"}. Primary cilia frequency and length were quantified. A total of 90,427 nuclei were counted with an average of 20,782 nuclei counted per tissue type and an average range of 248-1603 nuclei per patient ([Table S1A](#pone.0068521.s007){ref-type="supplementary-material"} in [Table S1](#pone.0068521.s007){ref-type="supplementary-material"}).

###### Summary of patient and clinical data.

                                             n (%)
  ------------------------------------------ -----------
  **Age at diagnosis (years)**               **n=76**
  \<60                                       20 (26.3)
  60-64                                      11 (14.5)
  65-69                                      26 (34.2)
  70-74                                      16 (21.1)
  \>74                                       3 (3.9)
  Median=65 Mean=64±7 Range=46-77            
  **Gleason sum score**                      **n=75**
  6                                          35 (46.7)
  7-10                                       40 (53.3)
  **PIN grade**\*                            **n=24**
  Low grade                                  13 (54.2)
  High grade                                 18 (75)
  **Pathological stage**                     **n=77**
  pT1-pT2                                    25 (32.5)
  pT3                                        52 (67.5)
  **Volume of largest tumor (cc)**           **n=25**
  \<3.0                                      8 (32)
  3.0-6.0                                    9 (36)
  6.1-9.0                                    4 (16)
  9.1-12                                     2 (8)
  \>12                                       2 (8)
  Median=4 Mean=6.3±8.3 Range=0.13-42        
  **Pre-operative free serum PSA (ng/ml)**   **n=58**
  \<3.0                                      3 (5.2)
  3.0-6.0                                    24 (41.4)
  6.1-9.0                                    15 (25.9)
  9.1-12                                     4 (6.9)
  \>12                                       12 (20.7)
  Median=6.4 Mean=11.2±20.4 Range=1.8-154    
  **Biochemical recurrence**\*\*             **n=78**
  Yes                                        44 (56.4)
  No                                         34 (43.6)

\* Seven patient samples have both low grade and high grade PIN (prostatic intraepithelial neoplasia).

\*\* Biochemical recurrence defined as free serum PSA \>0.1 ng/ml for two consecutive measurements. Time from surgery to last recorded PSA measurements for patients without biochemical recurrence ranges from 12.5 months to 15.2 years, and for patients with recurrence the time from surgery to biochemical recurrence ranges from 1.3 months to 13 1 years.

Loss of primary cilia was seen in prostatic preinvasive samples (PIN; low-grade (LG) and high-grade (HG) combined). The median percentage of ciliated epithelial cells in PIN (median=5.7%) decreased 36% compared to normal epithelial cells (median=8.9%; p=0.24; [Figure 1C](#pone-0068521-g001){ref-type="fig"}, top and [Table S1A](#pone.0068521.s007){ref-type="supplementary-material"} in [Table S1](#pone.0068521.s007){ref-type="supplementary-material"}). While this is not a statistically significant difference, 70.8% of the PIN samples had an abnormally low (falling at or below the 25^th^ percentile of normal, Q1) percentage of ciliated epithelial cells ([Figure 1C](#pone-0068521-g001){ref-type="fig"}, bottom and [Table S1B](#pone.0068521.s007){ref-type="supplementary-material"} in [Table S1](#pone.0068521.s007){ref-type="supplementary-material"}). There was also an overall significant linear trend to decreasing percent cilia with increasing severity of prostate cancer (p\<0.0001; [Table S1A](#pone.0068521.s007){ref-type="supplementary-material"} in [Table S1](#pone.0068521.s007){ref-type="supplementary-material"}). Although this model assumes increasing severity from normal, PIN, invasive cancer, and then to perineural invasion, we recognize that not all cancers develop in this sequence. It should be noted that separating the PIN samples into LG and HG groups did not reveal a statistically significant difference in percentage of ciliated cells throughout the study, so LG and HG PIN were not separated for further percent cilia analyses.

Primary cancer and perineural invasion lesions had a statistically significant loss of primary cilia. The median percentage of ciliated prostate cancer cells (median=1.9%; 78.7% decrease; p \<0.0001) and perineural invasion lesions (median=1.7%; 80.9% decrease; p \<0.0001) were significantly decreased compared to normal epithelial cells (median=8.9%; [Figure 1B, 1C](#pone-0068521-g001){ref-type="fig"}, top and [Table S1A](#pone.0068521.s007){ref-type="supplementary-material"} in [Table S1](#pone.0068521.s007){ref-type="supplementary-material"}). Also, 98.7% of cancer samples and 94.4% of perineural cancer samples had an abnormally low percentage of ciliated cancer cells compared to normal samples ([Figure 1C](#pone-0068521-g001){ref-type="fig"}, bottom and [Table S1B](#pone.0068521.s007){ref-type="supplementary-material"} in [Table S1](#pone.0068521.s007){ref-type="supplementary-material"}). As with PIN, separating the cancer samples into LG (Gleason sum score =6) and HG (Gleason sum score \>6) groups did not reveal a statistically significant difference in percentage of ciliated cancer cells throughout the study, so LG and HG cancers were not separated for further percent cilia analyses. Taken together, these results demonstrate that loss of primary cilia is a common event in early preinvasive and invasive prostate cancer.

To validate the use of Ac-Tub staining as a marker of cilia we co-stained normal and cancerous prostate tissue with another primary cilia-specific antibody recognizing Arl13b ([Figure S1](#pone.0068521.s001){ref-type="supplementary-material"}). Ac-Tub and Arl13b always colocalized in cilia of normal and cancerous prostate, demonstrating that lack of detection of cilia in cancer is due to loss of cilia and not loss of acetylation of tubulin.

Primary cilia are expressed on cells in G~0~/early G~1~ of the cell cycle and resorption of primary cilia occurs when the cell enters into the cell cycle to proliferate \[[@B13]\]. To investigate if the loss of primary cilia in cancer cells is due to a high proliferative index we stained the prostate cancer tissue samples with an antibody that recognizes Ki67, a protein expressed in all phases of the cell cycle except G~0~ \[[@B14]\]. We found that the majority of cancers samples (75% of samples) had \<3.2% Ki67 positive cells ([Figure 1D)](#pone-0068521-g001){ref-type="fig"}. This low percentage of Ki67-positive cells therefore does not account for the significant loss of cilia observed in these prostate cancer cells. Furthermore, no statistical correlation was observed between low percent cilia and high percent Ki67 in prostate cancer samples (p=0.16). These results demonstrate that loss of cilia in prostate cancer is not due to increased proliferation.

Primary cilia frequency is decreased on both CK5 positive and CK5 negative cancer cells {#s3.2}
---------------------------------------------------------------------------------------

The normal prostate has a bilayered epithelium of basal cells and secretory luminal epithelial cells \[[@B15]\]. To investigate differences in primary cilia expression on basal versus luminal epithelial cells, we co-stained the prostate tissue cohort for cilia together with an antibody that recognizes cytokeratin 5 (CK5), a basal cell marker. To verify that the CK5 antibody used was specific, we compared it to another commonly used mouse monoclonal antibody (Leica Micosystems, Inc.), and found it to be specific for basal cells ([Figure S2E](#pone.0068521.s002){ref-type="supplementary-material"}). Tissues were co-stained with antibodies that recognize primary cilia (Ac-Tub and γ-Tub). CK5 positive (CK5+) basal cells were present in all normal tissue with 24.9% of total normal epithelial cells being CK5+ ([Figure S2C](#pone.0068521.s002){ref-type="supplementary-material"}). All PIN structures also had CK5+ basal cells, with 15.2% of all cells being CK5+. CK5+ expression is generally thought to be lost in prostate cancer, however, like others, we observed rare CK5+ cells in invasive cancers ([Figures 2A](#pone-0068521-g002){ref-type="fig"} and [S2A](#pone.0068521.s002){ref-type="supplementary-material"}) \[[@B16]--[@B18]\]. The CK5+ cancer cells were also typically sporadic and not located adjacent to one another. In addition, the CK5+ cancer cells did not have a normal basal morphology ([Figure 2](#pone-0068521-g002){ref-type="fig"} and [Figure S2](#pone.0068521.s002){ref-type="supplementary-material"}). At least one CK5+ cancer cell was observed in 46.7% of prostate cancers and 33.3% of perineural invasion lesions ([Figure S2B](#pone.0068521.s002){ref-type="supplementary-material"}). Of all cancer cells and all perineural cancer cells analyzed, 1.6% and 1.3% respectively were CK5+ ([Figure S2C](#pone.0068521.s002){ref-type="supplementary-material"}).

We wanted to determine if the frequency of primary cilia changes on both the CK5+ and CK5-cells in normal prostate as well as preinvasive and invasive prostate cancer. Primary cilia were enriched 9.9-fold on normal CK5+ cells (median=28.8%) compared to normal CK5-cells (median=2.9%; [Table S2A](#pone.0068521.s008){ref-type="supplementary-material"} in [Table S2](#pone.0068521.s008){ref-type="supplementary-material"} and [Figure 2C, 2D](#pone-0068521-g002){ref-type="fig"}, top). The frequency of primary cilia was reduced by 12.5% (median=25.2%; p=0.14) on CK5+ cells associated with PIN. The frequency of primary cilia also decreased 13.8% on CK5-cells (median=2.5%; p=0.4) in PIN. Although this decrease in percent cilia on CK5+ and CK5-of PIN was not statistically significant, 62.5% of patients had an abnormally low percent of ciliated CK5+ cells and 33.3% of patients had an abnormally low percent of ciliated CK5-cells ([Figure 2C, 2D](#pone-0068521-g002){ref-type="fig"}, bottom and [Table S2B](#pone.0068521.s008){ref-type="supplementary-material"} in [Table S2](#pone.0068521.s008){ref-type="supplementary-material"}). There was also a significant linear trend of decreasing percent cilia with increasing severity of prostate cancer in both CK5+ cells (p\<0.0001) and CK5-cells (p=0.049). Overall, the data is consistent with the loss of cilia occurring early in a subset of CK5+ and CK5-prostate cancer cells.

![Primary cilia frequency is decreased on both CK5+ and CK5- cancer cells.\
Images of normal prostate and invasive prostate cancer. Nuclei (Hoechst; blue), cytokeratin 5 (CK5; white), primary cilia (Ac-Tub; red) and centrosomes (γ-Tub; green) are labeled. (A) CK5 marks the basal cell population in normal tissue. (A, left) A ciliated CK5+ normal cell and (A, right) an unciliated CK5+ cancer cell are shown at higher magnification. (B, left) A ciliated CK5- normal cell, and (B, right) an unciliated CK5- cancer cell. (C, top) Boxplots of the percent ciliated CK5+ and (D, top) CK5- epithelial and cancer cells per patient for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perineural invasion (Peri). Q4, Q1 are as in Fig. 1. Statistics were performed using linear regression (\*=p\<0.05, \*\*\*= p\<0.001). (C, bottom) Percent of CK5+ and (D, bottom) CK5- patients with an abnormally high percent cilia (Q4; orange), or an abnormally low percent cilia (Q1; blue).](pone.0068521.g002){#pone-0068521-g002}

We also quantitated the percent ciliated CK5+ and CK5-cells associated with invasive prostate cancers. There was a statistically significant decrease in the percentage of primary cilia on CK5+ (median=8.1%; 72% decrease; p\<0.0001) and on CK5- (median=1.7%; 41% decrease; p=0.02) cancer cells compared to normal ([Figure 2](#pone-0068521-g002){ref-type="fig"} and [Table S2A](#pone.0068521.s008){ref-type="supplementary-material"} in [Table S2](#pone.0068521.s008){ref-type="supplementary-material"}). Perineural invasion lesions also showed a drastic loss of cilia on CK5+ cancer cells (median=0%; p\<0.0001) and a 41% decrease of cilia on CK5- (median=1.7%; p=0.12) cancer cells compared to normal. The decrease in medians of percent cilia on CK5-perineural invasion cancer cells was the same as for the CK5-invasive cells. In addition, 44.4% of the perineural invasion cases had an abnormally low percent of ciliated cells, which was similar to that seen for the invasive cases (48%; [Figure 2D](#pone-0068521-g002){ref-type="fig"}, bottom, [Table S2B](#pone.0068521.s008){ref-type="supplementary-material"} in [Table S2](#pone.0068521.s008){ref-type="supplementary-material"}). That this reduction did not reach significance (p=0.12) is likely due to the fewer numbers of perineural invasion cancer (n=18) versus the number of invasive cancers (n=75). The overall linear trend for decreasing percent cilia with increasing severity of prostate cancer was significant (p=0.049). Together, these data suggest that primary cilia are lost on both CK5+ and CK5-invasive prostate and perineural invasion-associated cancer cells.

Primary cilia expression does not change on stromal cells surrounding cancer {#s3.3}
----------------------------------------------------------------------------

The microenvironment of a cancer can contribute to its progression and metastasis \[[@B19]\]. Therefore, we investigated primary cilia changes on stromal cells (identified based on location, morphology, and lack of CK5 staining) surrounding preinvasive and malignant prostate cancer ([Tables S3A](#pone.0068521.s009){ref-type="supplementary-material"} and [S3B](#pone.0068521.s009){ref-type="supplementary-material"}). A total of 38,689 nuclei were counted, with an average of 8,650 nuclei per tissue type and an average range of 67-663 nuclei per patient ([Table S3A](#pone.0068521.s009){ref-type="supplementary-material"} in [Table S3](#pone.0068521.s009){ref-type="supplementary-material"}). The frequency of primary cilia on stromal cells associated with PIN (median=5.8%; p=0.71), invasive cancer (median=5.2%; p=0.21) and perineural invasion (median=5%; p=0.6) did not change compared to normal (median=5.9%; [Figure 3C](#pone-0068521-g003){ref-type="fig"}, top). No significant overall linear trend of decreasing ciliated stromal cells with increasing severity of prostate cancer was observed (p=0.32; [Table S3A](#pone.0068521.s009){ref-type="supplementary-material"} in [Table S3](#pone.0068521.s009){ref-type="supplementary-material"}). It should be noted that the diverse types of stromal cells (i.e. fibroblasts, lymphocytes, etc.) were not differentiated, and this may influence the overall percent cilia observed in the stroma. Collectively, these data suggest that primary cilia are lost on preinvasive and invasive cancerous cells, but not on the surrounding stromal cells.

![Frequency of cilia does not change on stromal cells surrounding cancer.\
Images of (A) normal prostate and (B) prostate cancer show nuclei (Hoechst; blue), cytokeratin 5 (CK5; white), primary cilia (Ac-Tub; red) and centrosomes (γ-Tub; green). Inset shows magnification of primary cilia on stromal cells associated with (A) normal tissue and (B) cancerous tissue (C, top). Boxplot describe the percent ciliated stromal cells per patient for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perineural invasion (Peri). Q4, Q1 are as in [Figure 1](#pone-0068521-g001){ref-type="fig"} (C, bottom). The percent of patients with an abnormally high percent cilia (Q4; orange) or an abnormally low percent cilia (Q1; blue).](pone.0068521.g003){#pone-0068521-g003}

Ciliated prostate cancer cells as well as stromal cells surrounding cancers have shortened cilia lengths {#s3.4}
--------------------------------------------------------------------------------------------------------

To determine the potential functionality of cilia that are not lost in prostate cancer cells we measured their lengths ([Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). Abnormally short cilia have been shown to correlate with loss of function in signal transduction pathways such as Hedgehog signaling \[[@B20]\]. This suggests that abnormal cilia lengths are a convenient indirect measure of the functional state of the cilia. A total of 5,941 cilia were measured on all epithelial and cancer cells, with an average of 730 cilia per tissue type ([Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). A median cilia length was calculated per patient.

Primary cilia lengths showed a small but not statistically significant decrease on preinvasive cells in PIN (median=1.22 µm; p=0.15) compared to normal (median=1.3 µm; [Figure 4A, 4C](#pone-0068521-g004){ref-type="fig"}, top and [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). However, the fraction of patients with abnormally short cilia increased in PIN (48.4%) compared to normal, suggesting that a subset of patients had shorter and therefore dysfunctional cilia ([Figure 4C](#pone-0068521-g004){ref-type="fig"}, bottom and [Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). When the CK5+ and CK5-cells were analyzed separately, the only statistically significant decrease was observed in CK5-cells (median=0.85 µm; p=0.049) compared to normal (median=1.20 µm; [Figure 4D, 4E](#pone-0068521-g004){ref-type="fig"}, top and [Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). The fraction of patients with abnormally short cilia increased on both CK5+ and CK5-cells in PIN (37.5% and 50%, respectively), suggesting cilia length shortens on both Ck5+ and Ck5-cells on PIN in a subset of patients ([Figure 4D, 4E](#pone-0068521-g004){ref-type="fig"}, bottom and [Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}).

![Ciliated prostate cancer and stromal cells have decreased axoneme lengths.\
(A and B) Primary cilia (Ac-Tub; red), centrosomes (γ-Tub; green), nuclei (Hoechst; blue), and cytokeratin 5 (CK5; white), are shown to illustrate representative ciliary lengths. Images were selected to represent the median length for normal and the 25^th^ percentile for PIN and cancer cells (note that many PIN and cancer cells have cilia shorter than those shown). Cilia lengths are given. (A) Normal basal cell, normal luminal cell, CK5+ basal cell in PIN, CK5-cancer cell and (B) stromal cell in normal, PIN, and cancer tissue. Boxplots of cilia lengths for (C, top) all epithelial, (D, top) CK5+, (E, top) CK5-and (F, top) stromal cells per patient for normal, PIN, cancer (Ca), and perineural invasion (Peri). Q4, Q1 are as in [Figure 1](#pone-0068521-g001){ref-type="fig"}. Statistics were performed using linear regression (\* = p\<0.05, \*\*\* = p\<0.001) (C, D, E, and F, bottom). The percent of patients with abnormally long cilia (Q4; orange) or abnormally short cilia (Q1; blue).](pone.0068521.g004){#pone-0068521-g004}

Separating the PIN samples into LG and HG groups revealed a statistically significant difference in cilia lengths in HG PIN (median=1.21 µm; p=0.005) when compared to normal (median=1.30 µm; [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). In addition, the fraction of patients with abnormally short cilia increased in both LG and HG PIN (38.5% and 55.6% respectively) when compared to normal ([Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). When the CK5+ and CK5-cell types were analyzed separately, the only statistically significant difference was observed in CK5-HG PIN (median=0.73 µm; p\<0.0001) compared to CK5-normal (median=1.20 µm; [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). However, the fraction of patients with abnormally short cilia generally increased compared to normal in LG and HG PIN on both CK5+ and CK5-cells (CK5+: LG= 33.3%, HG=40%; CK5-: LG=22.2%, HG=66.7%). Collectively, this data suggest that a subpopulation of patients with LG and HG PIN have short and therefore dysfunctional cilia.

Analysis of all cancer cells demonstrated a statistically significant decrease in ciliary lengths in cancer (median=1.0 µm; p\<0.0001) and perineural invasion lesions (median=0.76 µm; p\<0.0001) compared to normal (median= 1.3 µm, [Figure 4A, 4C](#pone-0068521-g004){ref-type="fig"}, top and [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). Examining CK5+ and CK5-cancer cells separately revealed no statistically significant decrease in primary cilia length in the CK5+ or CK5-cancer cells (median=1.31 µm; p=0.77 and median=0.93 µm; p=0.093; [Figure 4D, 4E](#pone-0068521-g004){ref-type="fig"}, top and [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). This is likely due to decreased sample size. However, CK5+ and CK5-cancers cells both have an increased fraction of patients with abnormally short cilia compared to normal (54.5% and 40.5% respectively; [Figure 4D and 4E](#pone-0068521-g004){ref-type="fig"}, bottom and [Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}).

As with PIN, separating out the cancers into LG and HG groups revealed a statistically significant difference in cilia lengths. Interestingly, only LG cancers were seen to have significantly shorter cilia (median=0.86 µm; p\<0.0001) compared to normal (median=1.3 µm), and this statistically significant difference was seen in both CK5+ cancer cells (median=0.93 µm; p\<0.0001) as well as CK5-cancer cells (median=0.82 µm; p\<0.0001; [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). However, the fraction of patients with abnormally short cilia lengths was generally increased in both LG and HG cancers on both CK5+ and CK5-cell types (CK5+: LG= 80%, HG=47.1%; CK5-: LG=54.3%, HG=28.2%; [Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). It should be noted that although there was an approximately equal number of patients in the LG and HG cancer groups, all LG cancers were of Gleason sum score 6, and HG cancers were of Gleason sum score 7-10. The range of cancers with different Gleason sum scores in the HG cancer group, in conjunction with the low sample size (n=40), may explain the inability to reach a statistically significant difference between cilia lengths of HG cancer compared to normal. Together, this data demonstrates that when cilia are present in cancer samples, they are often short and possibly dysfunctional.

Analysis of cilia lengths on perineural invasion-associated cancer cells (median= 0.76 µm; p\<0.0001) showed that primary cilia lengths had a statistically significant decrease compared to normal (median=1.3 µm; [Figure 4C](#pone-0068521-g004){ref-type="fig"} and [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). It should be noted that there were no cilia present on CK5+ perineural invasion cells and therefore shortening of cilia was only analyzed in the CK5-population. Collectively this data suggests that ciliary dysfunction, indicated by shortened ciliary length, persists in perineural invasive prostate cancer.

Statistical analysis of the linear trend from normal prostate progressing through PIN, cancer and then to perineural invasion was performed to determine if ciliary length decreases as prostate cancer severity increases. There was a statistically significant overall linear trend of decreasing cilia length with increasing severity of prostate cancer (p\<0.0001; [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). Examining CK5+ and CK5-cells separately, there was a significant linear trend towards decreasing cilia length with increasing prostate cancer severity in the CK5-population (p=0.047) but not in the CK5+ population (p=0.998). These data further support the conclusion that ciliary dysfunction increases as prostate cancer progresses. This data may also suggest that CK5+ cells retain cilia that are of functional length, however, a larger sample size is needed. CK5-cells appear to have shortening of cilia consistent with ciliary dysfunction.

The lengths of stromal cell cilia were also determined ([Figure 4F](#pone-0068521-g004){ref-type="fig"} and [Table S4A](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}). Compared to normal (median=1.16 µm), there was a small but not statistically significant decrease in cilia length on stromal cells surrounding PIN (median=0.93 µm; p=0.41), cancer (median=0.99 µm; p=0.72) and perineural invasion lesions (median=0.86 µm; p=0.25; [Figure 4B and 4F](#pone-0068521-g004){ref-type="fig"}, top). However, there was a clear increase in the fraction of patients with abnormally short cilia in PIN (62.5%), cancer (61.4%) and perineural invasion areas (83.3%; [Figure 4F](#pone-0068521-g004){ref-type="fig"}, bottom and [Table S4B](#pone.0068521.s010){ref-type="supplementary-material"} in [Table S4](#pone.0068521.s010){ref-type="supplementary-material"}) compared to normal. These data suggests that ciliary shortening may be an early event on stromal cells that contributes to prostate cancer development for a subset of patients. The different types of stromal cells are not differentiated so it is unclear if a certain cell type may be contributing to the overall shortening of cilia lengths observed in the stroma.

Primary cilia loss correlates with increased nuclear β-catenin in normal prostate. {#s3.5}
----------------------------------------------------------------------------------

Given that cilia are known to suppress the canonical Wnt signaling pathway, we investigated if the loss of primary cilia in prostate cancer correlates with increased canonical Wnt signaling \[[@B2],[@B3]\]. Nuclear β-catenin is a marker of activated canonical Wnt signaling \[[@B21]\]. Therefore, we measured nuclear β-catenin in the tissue types representative of increasingly severe stages of prostate cancer. We predicted that primary cilia loss or shortening would correlate with increased nuclear β-catenin. The tissue sections adjacent to the sections stained for primary cilia were stained for β-catenin and scored for percentage of positively stained nuclei and staining intensity ([Figure S3](#pone.0068521.s003){ref-type="supplementary-material"}).

In normal prostate tissue, luminal cells (correlating with low percentage of cilia) had higher nuclear β-catenin than basal cells (correlating with high percentage of cilia) ([Figure 5A)](#pone-0068521-g005){ref-type="fig"}. 57.7% of luminal cells had high nuclear β-catenin scores (above the 75^th^ percentile of basal cells) (p\<0.05; [Figure 5E)](#pone-0068521-g005){ref-type="fig"}. Therefore, we found an inverse correlation between presence of cilia and nuclear β-catenin in normal prostate. This is consistent with cilia suppressing canonical Wnt signaling pathway in basal cells found in normal prostate tissue.

![Primary cilia loss correlates with greater nuclear β-catenin in normal.\
(A) Immunohistochemistry (IHC) images of β-catenin staining in normal prostate, demonstrate a lack of β-catenin localization in basal cells (blue nuclei, black arrows; left). Basal cells were identified based on position, morphology, and cytokeratin 5 (CK5) staining in the adjoining serial section (white arrows; right). The lumen (Lum) and stroma (Strm) are labeled. IHC images show different levels and spatial distributions of β-catenin staining in (B) PIN, (C) cancer, and (D) perineural invasion. (E) Graphs display percent ciliated cells versus β-catenin nuclear score. Scattergraphs were plotted per location for normal, PIN, cancer, and perineural invasion tissue. For normal, basal cells (green) and luminal cells (blue) are shown. For PIN, cancer and perineural invasion, all epithelial/cancer cells are plotted red. High nuclear β-catenin was defined as the 75^th^ percentile of normal, denoted by the dotted line, and was used to compare normal to PIN, cancer and perineural cells. Percentages represent the locations with high nuclear β-catenin. Statistical analysis was performed using linear regression and included all of the data points, and comparisons to normal basal cells are denoted with p, and comparisons to normal luminal cells are denoted with p\*.](pone.0068521.g005){#pone-0068521-g005}

A wide range of β-catenin staining phenotypes was observed for PIN, cancer, and perineural invasion lesions ([Figure 5B--5D)](#pone-0068521-g005){ref-type="fig"}. Based on staining in normal basal cells we set a cutoff for high nuclear β-catenin score as anything over the 75^th^ percentile of normal. The nuclear β-catenin score was high in 73.7% of PIN locations and this was statistically significant (p\<0.01) compared to normal basal cells ([Figure 5E)](#pone-0068521-g005){ref-type="fig"}. Comparison with normal luminal cells showed the nuclear β-catenin score was also significantly increased in PIN (p\<0.05) (p\* in [Figure 5E)](#pone-0068521-g005){ref-type="fig"}. As shown previously, we observed a decrease in the percent ciliated cells in a subset of PIN ([Figure 1C)](#pone-0068521-g001){ref-type="fig"}. This decrease in percent cilia in a subset of PIN correlates with an increase in nuclear β-catenin for a subset of patients.

In cancer locations, high nuclear β-catenin scores (31.2%) were not significantly different from normal basal (25%, p=0.7) or luminal cells (57.7%, p=0.3; [Figure 5E)](#pone-0068521-g005){ref-type="fig"}. To determine if primary cilia in the cancers that had higher nuclear β-catenin were dysfunctional (as predicted by the ability of cilia to suppress the Wnt pathway), we added cilia lengths to this analysis. Although not statistically significant (p=0.10), likely due to insufficient sample size, the average cilia length was shorter for cancers with higher nuclear β-catenin (0.89 µm) compared to cancers with lower nuclear β-catenin (1.13 µm; [Figure S4](#pone.0068521.s004){ref-type="supplementary-material"}). This data suggests that cancers with shorter and therefore dysfunctional cilia have increased nuclear β-catenin.

Analysis of nuclear β-catenin in perineural invasion lesions showed high staining in 78.3% of perineural invasion locations (p\<0.01) compared to normal basal cells. Comparison with normal luminal cells showed that nuclear β-catenin was again increased in perineural invasion lesions (p\<0.05) (p\* in [Figure 5E)](#pone-0068521-g005){ref-type="fig"}. As shown previously ([Figure 1C)](#pone-0068521-g001){ref-type="fig"}, perineural invasion lesions showed a significant loss of cilia. The increase in nuclear β-catenin correlates with loss of cilia. This is novel data, and may suggest canonical Wnt signaling as a mechanism which is activated to drive prostate cancer perineural invasion.

To determine if differences in nuclear β-catenin reflects differences in clinical data, we correlated clinical data with nuclear β-catenin scores by breaking up scores into low/moderate or high. The clinical data analyzed were: age at surgery, pathological tumor stage, pre-operative free PSA levels, biochemical recurrence, time to biochemical recurrence, capsular penetration, and largest tumor volume. Significant differences in incidence of capsular penetration and biochemical recurrence were found. A greater number of patients with high nuclear β-catenin had capsular penetration (40%; p\<0.0001; [Table S7](#pone.0068521.s013){ref-type="supplementary-material"}) compared to patients with moderate/low nuclear β-catenin (2.6%). In contrast, a greater number of patients with lower nuclear β-catenin had biochemical recurrence (68.4%; p\<0.0001) compared to patients with higher nuclear β-catenin (20%). Both presence of capsular penetration and biochemical recurrence are thought to be poor prognostic markers in prostate cancer. Our results demonstrate that high nuclear β-catenin correlates with capsular penetration but not with biochemical recurrence. It should be noted that for our cohort there are 38 patients in the moderate/low nuclear β-catenin group and 15 in the high nuclear β-catenin group ([Table S7](#pone.0068521.s013){ref-type="supplementary-material"}). In order to resolve these contradictory results, further analysis with a larger cohort of patients is needed.

Evidence for a field effect influencing primary cilia frequency and length {#s3.6}
--------------------------------------------------------------------------

Field effects in cancer, where normal cells adjacent to cancer cells are altered, have been documented \[[@B22]\]. To investigate if field effects on primary cilia expression and length exist in prostate cancer, we characterized primary cilia frequency and length in normal tissue from 16 cancerous prostates and compared it to normal tissue from the 10 patients without prostate cancer.

A slight increase in percent cilia was observed in normal epithelial cells adjacent to cancer (median=11.1%; p=0.257) compared to normal (median=8.9% [Figure S5A](#pone.0068521.s005){ref-type="supplementary-material"} and [Table S5A](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). Although this increase in percentage was not statistically significant, an increase in the proportion of patients with an abnormally high (greater than the 75^th^ percentile of normal) percent of ciliated cells was observed in normal tissue adjacent to cancer (43.8%; [Figure S5C](#pone.0068521.s005){ref-type="supplementary-material"}, bottom, and [Table S5B](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}) and this increase was seen in both CK5+ and CK5-cells. For stromal cells, an increase in the proportion of patients with abnormally high percentages of ciliated stromal cells was also observed (43.8%; [Figure S5D](#pone.0068521.s005){ref-type="supplementary-material"}, bottom, and [Table S5B](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). Thus, there is a trend toward an increase in the percentage of ciliated cells in normal tissue adjacent to cancer.

Cilia lengths decreased slightly, although not significantly, in CK5+ (median=1.33 µm; p=0.975) and in CK5- (median=1.08 µm; p=0.79) epithelial cells compared to normal cells (median=1.38 µm and 1.2 µm respectively; [Figure S6B-C](#pone.0068521.s006){ref-type="supplementary-material"}, top and [Table S6A](#pone.0068521.s012){ref-type="supplementary-material"} in [Table S6](#pone.0068521.s012){ref-type="supplementary-material"}). A small, but not statistically significant, difference was seen for surrounding stromal cells (median=0.97 µm, p=0.596, [Figure S6D](#pone.0068521.s006){ref-type="supplementary-material"}, top, and [Table S6A](#pone.0068521.s012){ref-type="supplementary-material"} in [Table S6](#pone.0068521.s012){ref-type="supplementary-material"}). Despite the lack of significant differences, there was an increase in the fraction of patients with abnormally short cilia on all cell types; CK5+ epithelial (50%), CK5-epithelial (31.3%) and stromal (68.8%) cells ([Figure S6A--D](#pone.0068521.s006){ref-type="supplementary-material"}, bottom, and [Table S6B](#pone.0068521.s012){ref-type="supplementary-material"} in [Table S6](#pone.0068521.s012){ref-type="supplementary-material"}). Collectively, these data may reflect a potential field effect influencing primary cilia expression and length in normal tissue adjacent to cancer.

Benign prostatic hyperplasia has altered primary cilia frequency and shortened primary cilia {#s3.7}
--------------------------------------------------------------------------------------------

Benign prostatic hyperplasia (BPH) is a common pathology in elderly men, with up to 50% of men 50 years old being diagnosed with this disease \[[@B23]\]. We characterized primary cilia expression and length in this non-malignant pathology.

The effects of BPH on frequency of primary cilia in the two different epithelial cell types were different. CK5+ ciliated cells displayed a slight decrease in ciliated cells (median=27.1%) compared to normal (median=28.8%; [Figure S5B](#pone.0068521.s005){ref-type="supplementary-material"}, top, and [Table S5A](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). Though the percentage ciliated cells was not statistically different (p=0.349), an increase in the proportion of patients with an abnormally low percent of ciliated CK5+ cells was observed (50%; [Figure S5B](#pone.0068521.s005){ref-type="supplementary-material"}, bottom, and [Table S5B](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). Conversely, CK5-ciliated cells were increased (median=6.1%) compared to normal (median=2.9%). Again, statistical significance was not reached (p=0.08; [Figure S5C](#pone.0068521.s005){ref-type="supplementary-material"}, top, and [Table S5A](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). However, 62.5% of patients had an abnormally high percent of ciliated CK5-cells ([Figure S5C](#pone.0068521.s005){ref-type="supplementary-material"}, bottom, and [Table S5B](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). For stromal cells, trends were observed suggesting a decrease in ciliated cells (median=4.3%; p=0.125) compared to normal (median=5.9%; [Figure S5D](#pone.0068521.s005){ref-type="supplementary-material"}, top, and [Table S5A](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). 50% of patients had an abnormally low percent of ciliated stromal cells ([Figure S5D](#pone.0068521.s005){ref-type="supplementary-material"}, bottom, and [Table S5B](#pone.0068521.s011){ref-type="supplementary-material"} in [Table S5](#pone.0068521.s011){ref-type="supplementary-material"}). Thus, in BPH, cilia numbers trend toward a decrease on CK5+ epithelial cells and stromal cells, but an increase on CK5-cells.

Cilia lengths were found to be decreased on both epithelial and stromal cells in BPH. On epithelial cells, cilia length significantly decreased (median=1.24 µm; p=0.048) compared to normal (median=1.3 µm; [Figure S6A](#pone.0068521.s006){ref-type="supplementary-material"}, top and [Table S6A](#pone.0068521.s012){ref-type="supplementary-material"} in [Table S6](#pone.0068521.s012){ref-type="supplementary-material"}). Although there was not a statistically significant decrease in cilia length on stromal cells (median=0.98 µm) compared to normal (median=1.16 µm), 75% of patients had abnormally short cilia compared to normal ([Figure S6A](#pone.0068521.s006){ref-type="supplementary-material"} and [Table S6A](#pone.0068521.s012){ref-type="supplementary-material"}, S6B in [Table S6](#pone.0068521.s012){ref-type="supplementary-material"}).

Primary cilia frequency correlates with clinical data in normal tissue of a cancerous prostate and PIN {#s3.8}
------------------------------------------------------------------------------------------------------

We next investigated if primary cilia frequency on epithelial cells from normal tissue adjacent to cancer, PIN, and prostate cancer tissues correlated with clinical data. The clinical data analyzed were: age at surgery, pathological tumor stage, pre-operative free PSA levels, biochemical recurrence, time to biochemical recurrence, capsular penetration, and largest tumor volume.

For normal tissue adjacent to cancer, statistically significant correlations were found for both CK5+ and CK5-epithelial cells, but not for the cell types combined ([Tables S8](#pone.0068521.s008){ref-type="supplementary-material"}, [S9](#pone.0068521.s009){ref-type="supplementary-material"}, and [S10](#pone.0068521.s010){ref-type="supplementary-material"}). A positive correlation was found for cilia frequency on CK5+ epithelial cells of normal tissue adjacent to cancer. Higher cilia frequency correlated with increasing tumor stage (p=0.037) and biochemical recurrence (p=0.04; [Table S9](#pone.0068521.s015){ref-type="supplementary-material"}). An inverse association was found for cilia frequency on CK5-epithelial cells in normal tissue adjacent to cancer. Lower frequency of cilia correlated with increased tumor size (p=0.015) and higher pre-operative free PSA (p=0.002; [Table S10](#pone.0068521.s016){ref-type="supplementary-material"}). For PIN, an inverse correlation was found for frequency of cilia on CK5+ epithelial cells. Lower percent of ciliated cells correlated with increased tumor size (p=0.006; [Table S11](#pone.0068521.s017){ref-type="supplementary-material"}). For both normal tissue adjacent to cancer and PIN, decreased cilia correlated with increasing tumor size. No significant correlations were found for cilia frequency in cancer ([Table S12](#pone.0068521.s018){ref-type="supplementary-material"}). It should be noted that the statistical analyses for cilia frequency and clinical data does not control for multiple comparisons.

Discussion {#s4}
==========

This is the first study that has carefully characterized the frequency of primary cilia in human tissue types of different stages of prostate cancer. We have demonstrated that primary cilia are decreased early on epithelial cells in a subset of PIN lesions, and primary cilia are further reduced in cancers including perineural invasion lesions. We also show that primary cilia length is decreased in preinvasive and invasive prostate cancer, suggesting a potential dysfunctionality of the remaining cilia on preinvasive and malignant cells. The loss of primary cilia in preinvasive and invasive prostate cancer was correlated to the canonical Wnt signaling pathway, and we showed an association between primary cilia loss and increased nuclear β-catenin in normal tissue, and nuclear β-catenin is shown to be increased in PIN, a subset of cancers, and perineural invasion lesions. We also investigated associations between primary cilia frequency and clinical parameters, and most notably found that decreased cilia frequency correlated with increased tumor size.

Consistent with our findings in human prostate cancer tissue, Zhang et al. demonstrate that prostate cancer cell lines fail to express primary cilia *in vitro* \[[@B24]\]. Primary cilia in normal tissue adjacent to cancer, BPH, and prostate cancer were examined by electron microscopy in a study published in 1979 \[[@B25]\]. This study did not characterize cilia frequency in prostate cancer. However, it did demonstrate that the primary cilia expressed in prostate cancers often are of abnormal microtubule patterns, such as "7+3" or "9+2", instead of the typical "9+0" pattern. Structural abnormalities of microtubule patterning in primary cilia likely affects signaling function. Taken together, these findings, along with data presented in this report, support the hypothesis that primary cilia are dysfunctional in prostate cancer either by being absent, shortened, or having abnormal microtubule structures.

We report low nuclear β-catenin, and therefore low canonical Wnt pathway activation, in the majority of invasive prostate cancers in our cohort ([Figure 5E)](#pone-0068521-g004){ref-type="fig"}. There are numerous contradictory studies in the literature reporting on Wnt signaling activity measured by β-catenin staining in prostate cancer. Consistent with our report, some studies demonstrate absent or relatively low nuclear staining, and therefore low activation of the Wnt signaling pathway \[[@B26]--[@B30]\]. Other studies report an activated canonical Wnt signaling phenotype as a common event in prostate cancer \[[@B31]--[@B34]\]. Tissue fixation variations and differing primary antibody concentrations likely contribute to the differences observed \[[@B26]\]. Our results, which do not suggest Wnt signaling is activated in the majority of invasive prostate cancers, are surprising because we show the majority of prostate cancers have a loss of primary cilia ([Figure 1)](#pone-0068521-g001){ref-type="fig"}. Primary cilia have been shown to suppress canonical Wnt signaling, therefore, the loss of cilia was hypothesized to result in increased nuclear β-catenin. This low nuclear β-catenin could be due to lack of canonical Wnt ligands in the tissue, or loss of pathway components needed to translocate β-catenin into the nucleus, such as Jouberin \[[@B3]\]. Interestingly, cancers surrounding nerves were shown to have increased nuclear β-catenin compared to other cancers ([Figure 5E)](#pone-0068521-g004){ref-type="fig"}. Perhaps the microenvironment of perineural invasion preferentially allows for pathway activation. We did see a group of prostate cancers that had high nuclear β-catenin, and these cancers had both low percentage of ciliated cells and a decrease in cilia length ([Figure S4](#pone.0068521.s004){ref-type="supplementary-material"}). We hypothesize that shorter cilia may be dysfunctional and would fail to suppress the Wnt pathway. The low sample sizes of our cohort should be acknowledged. Our data suggests that other factors besides primary cilia may be controlling canonical Wnt signaling in the majority of prostate cancers.

Upon investigation of a correlation between clinical parameters (biochemical recurrence and capsular penetration) and nuclear β-catenin, we found that high nuclear β-catenin correlates with increased incidence of capsular penetration and that moderate/low β-catenin correlates with increased incidence of biochemical recurrence. These results appear to be contradictory given biochemical recurrence and capsular penetration have been associated with disease-recurrence \[[@B35]--[@B37]\]. However, several published reports on β-catenin agree with both of our results. Chen et al. demonstrated that higher total expression of β-catenin was found in higher tumor stage cancers (with capsular penetration) versus lower tumor stage cancers (no capsular penetration) \[[@B31]\]. Also in agreement with our findings, Horvath et al. investigated biochemical survival and correlated lower nuclear β-catenin with biochemical relapse \[[@B29]\]. These seemingly contradictory data, where high nuclear β-catenin correlated with capsular penetration and moderate/low nuclear β-catenin correlated with biochemical recurrence, may be explained by the biology of biochemical recurrence. Biochemical recurrence can occur as a result of PSA production by disseminated tumors cells that expand months following surgical removal of the primary tumor and this does not necessarily correlate with capsular penetration (pathological stage) which is a pathologic diagnosis made at the time of surgery \[[@B38]\]. This lack of correlation between biochemical recurrence and capsular penetration is also evident in our cohort. While this lack of correlation may explain our contradictory clinical correlations, further studies with a larger cohort are needed.

Our findings have shown that prostate cancer cells have a very low frequency of primary cilia. An important question for therapeutics is whether this loss of primary cilia is a driver of prostate cancer. A future direction is to determine if primary cilia loss is causal in tumor formation in the prostate. If cilia are causal in cancer formation, use of drugs that result in re-expression of primary cilia in cancers may be a promising therapy. This would require the determination of the cause(s) of primary cilia loss in prostate cancers. Many different mechanisms can result in cilia loss. There may be a loss of function of critical cilia genes required for proper construction and maintenance of primary cilia, through DNA mutations or chromosome loss. If loss of cilia is primarily caused by permanent genetic modulations, then re-expressing cilia may not be possible. Non-genetic drivers of cilia loss, such as signaling pathways or epigenetic drivers, could provide a more favorable therapeutic target. Alterations of signaling pathways have been shown to influence cilia expression. It has been shown that inhibiting Aurora-A-kinase can result in re-expression of primary cilia \[[@B39]\]. Interestingly, Aurora-A kinase over-expression has been shown to occur in prostate cancer \[[@B40]\]. Another pathway that could be targeted to allow for re-expression of primary cilia is the fatty acid synthesis pathway \[[@B41]\]. Fatty acid synthesis is common in prostate cancer, and blocking this pathway has been shown to cause re-expression of primary cilia in a prostate cancer cell line \[[@B41],[@B42]\].

A decrease in primary cilia expression was observed in preinvasive lesions, specifically in a subset of LG and HG PIN. Although LG PIN is not generally thought to be a precursor to invasive prostate cancer, Goeman et al. demonstrate that in a patient with LG PIN in the initial biopsy there was a 30% risk of developing invasive cancer \[[@B43]\]. This was similar to the risk associated with a HG PIN diagnosis (27%) \[[@B43]\]. This data suggests that a subset of LG PIN have the potential to develop into invasive prostate cancer. We observed a decrease of primary cilia frequency (53.9% of patients; [Figure S2B](#pone.0068521.s002){ref-type="supplementary-material"}) and length (38.5% of patients; [Figure S4B](#pone.0068521.s004){ref-type="supplementary-material"}) in a subset of LG PIN samples, suggesting that these LG PIN lesions are similar to what is observed in HG PIN. It is possible that these LG PIN lesions with decreased cilia frequency may be precursors to prostate cancer formation. Further work is needed to determine if loss of cilia in LG PIN can be predictive of prostate cancer formation.

The frequency of primary cilia in cancers may be indicative of the efficacy of specific Hedgehog-targeted drugs for prostate cancer patients \[[@B44]\]. Numerous Hedgehog-targeted drugs are being investigated both in clinical trials and in laboratories. Most of these drugs inhibit Smoothened (Smo), a positive regulator of the pathway that requires primary cilia to be functional \[[@B44]\]. Since primary cilia are lost in prostate tumors, we hypothesize that prostate cancer patients would not be good candidates for Smo-inhibitor drugs. However, we demonstrate that primary cilia loss does not change in the stroma surrounding cancers ([Figure 3)](#pone-0068521-g002){ref-type="fig"}. Karlou et al. have shown paracrine Hedgehog signaling in a prostate mouse model, where prostate cancer cells secrete Hedgehog ligand and Smo-dependent Hedgehog activity is restricted to the prostate tumor stroma \[[@B45]\]. We would predict that Smo-inhibitor drugs would be effective on the prostate cancer stroma, and may hinder the stroma-tumor relationship. However, treating a prostate cancer mouse model with a Smo-inhibitor did not reduce tumor burden, suggesting that Smo-inhibition may not be effective in prostate cancer patients \[[@B45]\].

In conclusion, primary cilia are decreased in a subset of preinvasive lesions, and are further lost in cancer and perineural invasion lesions. The rare tumor-associated primary cilia are shorter in preinvasive and invasive prostate cancer, which may reflect dysfunction. High nuclear β-catenin correlates with low primary cilia frequency in normal prostate tissue. In future work, it will be important to determine if primary cilia loss is causal to tumor formation.

Supporting Information
======================

###### Acetylated tubulin and Arl13b co-localize in the same primary cilia in normal and cancer tissues.

Images show co-localization of two primary cilia markers in normal prostate tissue (top) and cancerous prostate tissue (bottom). Cells were stained for nuclei (Hoechst; blue) and centrosomes (γ-Tub; green) as well as with two commonly used cilia markers\-- acetylated tubulin (Ac-Tub; red) and Arl13b (white).

(TIF)

###### 

Click here for additional data file.

###### Characterization of a rare population of CK5+ prostate cancer cells.

\(A\) Cancerous prostate with a CK5 positive (CK5+) cell. H&E staining was used to identify a cancerous area that was stained for CK5 (white) and nuclei (Hoechst, blue) on the serially adjacent slide. (B) Percent of patients with cancers where no CK5+ cancer cells were identified (CK5-only cells; blue) and the percent of patients with cancers with at least one CK5+ cancer cell (red). (C) Percent of combined total epithelial or cancer cells that are CK5- (blue) and CK5+ (red) in normal, prostatic intraepithelial neoplasia (PIN), cancer and perineural invasion. (D) Percent of cancer cells that are CK5+ per patient. Data was plotted only for patients that had at least one CK5+ cell. (E) The αCK5 antibody used on the whole cohort (AbCam, cat \# 24647) was compared to another commonly used Leica αCK5 antibody (Cat \# CK5-R-7-CE) by staining serially adjacent normal tissue with each antibody.

(TIF)

###### 

Click here for additional data file.

###### Definiens Tissue Studio 3.0 software can classify nuclear

β-catenin **staining intensity**. The process of image analysis for β-catenin using the Definiens Tissue Studio 3.0 software is shown for (A) normal and (B) cancer. From the TIFF image, the region of interest (ROI) is manually selected (blue/orange). The software identifies cells in the ROI based on selected parameters and thresholds which define the cell (green) and nucleus (blue). The nuclei are then classified as having no staining (white), low staining (yellow), medium staining (orange) or high staining (red). This information is used to compute the histological score (see methods).

(TIF)

###### 

Click here for additional data file.

###### Cancers with high nuclear

β-catenin **have short cilia**. Percent ciliated cells is plotted versus β-catenin nuclear score (3X(% cells stained high) + 2X(% cells stained medium) +1X(% cells stained low)) versus cilia length (µm), where dot size reflects cilia lengths. The scattergraph was plotted per location, with data for all cancer cells. Cilia length key at bottom displays the normal range (the 25^th^ percentile of normal and the 75^th^ percentile of normal), the smallest and largest cilia lengths, and a cilia length directly between the smallest length and the normal 25^th^ percentile, and between the largest length and the 75^th^ normal percentile. The dotted line reflects the 75^th^ percentile of nuclear β-catenin scores for normal basal cells, which was used to define a high nuclear β-catenin score. The percentage denotes the percent of cancer locations with high nuclear β-catenin. Average cilia lengths for high nuclear β-catenin locations and moderate/low nuclear β-catenin locations are displayed.

(TIF)

###### 

Click here for additional data file.

###### Primary cilia frequency in benign structures adjacent to cancer.

Percent of ciliated cells per patient for (A, top) all epithelial cells, (B, top) CK5+ epithelial cells (basal cells), (C, top) CK5-epithelial cells (luminal cells), and stromal cells (D, top) in normal tissue, normal tissue adjacent to cancer (N Adj. Ca), and benign prostatic hyperplasia (BPH). Q4, Q1 are as in [Figure 1](#pone-0068521-g001){ref-type="fig"} (A-D, bottom). Percent of patients with an abnormally high percent cilia (Q4; orange), and an abnormally low percent cilia (Q1; blue) in (A, bottom) all epithelial cells, (B, bottom) CK5+ epithelial cells, (C, bottom) CK5-epithelial cells, and (D, bottom) stromal cells.

(TIF)

###### 

Click here for additional data file.

###### Primary cilia lengths in benign structures adjacent to cancer.

Median cilia lengths for (A, top) all epithelial, (B, top) CK5+, (C, top) CK5-and (D, top) stromal cells per patient for each tissue type: normal, normal adjacent to cancer (N Adj. Ca), and benign prostatic hyperplasia (BPH). Q4 and Q1 are as in [Figure 1](#pone-0068521-g001){ref-type="fig"}. Statistical analysis was performed using linear regression. \*,p\<0.05 (A-D, bottom). The percent of patients with abnormally long cilia (Q4; orange) and abnormally short cilia (Q1; blue).

(TIF)

###### 

Click here for additional data file.

###### Values for quantitation and analysis of percent ciliated epithelial/cancer cells in normal, PIN, cancer, and perineural.

The data in this table corresponds to [Figure 1](#pone-0068521-g001){ref-type="fig"} ([Table S1A](#pone.0068521.s007){ref-type="supplementary-material"} corresponds to [Figure 1C](#pone-0068521-g001){ref-type="fig"} boxplots, [Table S1B](#pone.0068521.s007){ref-type="supplementary-material"} corresponds to Figure 1C bar graphs). [Figure 1C](#pone-0068521-g001){ref-type="fig"} depicts boxplots of the percent of ciliated epithelial and cancer cells per patient for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perinerual invasion (Peri). Bar graphs in [Figure 1C](#pone-0068521-g001){ref-type="fig"} depict the percent of patients with an abnormally high percent cilia (greater than the 75^th^ percentile for normal tissue ; Q4) or an abnormally low percent cilia (less than or equal to the 25^th^ percentile for normal tissue; Q1). Statistical analyses were not performed for LG and HG PIN and cancer separated, so no p-value was obtained for the individual grades.

(PDF)

###### 

Click here for additional data file.

###### Values for quantitation and analysis of percent ciliated CK5+ and CK5-epithelial/cancer cells in normal, PIN, cancer, and perineural.

The data in this table corresponds to Figure 2 (Table S2A corresponds to Figure 2C,D boxplots, Table S2B corresponds to Figure 2C,D bar graphs). [Figure 2C,D](#pone-0068521-g002){ref-type="fig"} depicts boxplots of the percent of ciliated CK5+ and CK5-epithelial and cancer cells per patient for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perinerual invasion (Peri). Bar graphs in [Figure 2C,D](#pone-0068521-g002){ref-type="fig"} depict the percent of patients with an abnormally high percent cilia (greater than the 75^th^ percentile for normal tissue ; Q4) or an abnormally low percent cilia (less than or equal to the 25^th^ percentile for normal tissue; Q1). Statistical analyses were not performed for LG and HG PIN and cancer separated, so no p-value was obtained for the individual grades.

(PDF)

###### 

Click here for additional data file.

###### Values for quantitation and analysis of percent ciliated stromal cells in normal, PIN, cancer and perineural.

The data in this table corresponds to [Figure 3](#pone-0068521-g002){ref-type="fig"} ([Table S3A](#pone.0068521.s009){ref-type="supplementary-material"} corresponds to [Figure 3C](#pone-0068521-g002){ref-type="fig"} boxplots, [Table S3B](#pone.0068521.s009){ref-type="supplementary-material"} corresponds to Figure 3C bar graphs). [Figure 3C](#pone-0068521-g002){ref-type="fig"} depicts boxplots of the percent of ciliated stromal cells per patient for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perinerual invasion (Peri). Bar graphs in [Figure 3C](#pone-0068521-g002){ref-type="fig"} depict the percent of patients with an abnormally high percent cilia (greater than the 75^th^ percentile for normal tissue ; Q4) or an abnormally low percent cilia (less than or equal to the 25^th^ percentile for normal tissue; Q1). Statistical analyses were not performed for LG and HG PIN and cancer separated, so no p-value was obtained for the individual grades.

(PDF)

###### 

Click here for additional data file.

###### Values for quantitation and analysis of cilia lengths in normal, PIN, cancer and perineural.

The data in this table corresponds to Figure 4 (Table S4A corresponds to Figure 4C,D,E,F boxplots, Table S4B corresponds to Figure 4C,D,E,F bar graphs). [Figure 4C,D,E,F](#pone-0068521-g003){ref-type="fig"} depicts boxplots of median cilia lengths per patient broken up into cells type (all epithelial/cancer, CK5+, CK5-, stromal) for each tissue type: normal, prostatic intraepithelial neoplasia (PIN), cancer (Ca), and perinerual invasion (Peri). Bar graphs in [Figure 4C,D,E,F](#pone-0068521-g003){ref-type="fig"} depict the percent of patients with abnormally long cilia (greater than the 75^th^ percentile for normal tissue ; Q4) or abnormally short cilia (less than or equal to the 25^th^ percentile for normal tissue; Q1).

(PDF)

###### 

Click here for additional data file.

###### Values for quantitation and analysis of percent ciliated epithelial/cancer and stromal cells in normal, normal adjacent to cancer, and BPH.

The data in this table corresponds to [Figure S5](#pone.0068521.s005){ref-type="supplementary-material"} ([Table S5A](#pone.0068521.s011){ref-type="supplementary-material"} corresponds to [Figure S5A,B,C,D](#pone.0068521.s005){ref-type="supplementary-material"} boxplots, [Table S5B](#pone.0068521.s011){ref-type="supplementary-material"} corresponds to Figure S5A,B,C,D bar graphs). [Figure S5](#pone.0068521.s005){ref-type="supplementary-material"} depicts boxplots of the percent of ciliated cells per cell type (all epithelial/cancer, CK5+, CK5-, stromal) per patient for each tissue type: normal tissue, normal tissue adjacent to cancer (N Adj. Ca), and benign prostatic hyperplasia (BPH). Bar graphs in [Figure S5A,B,C,D](#pone.0068521.s005){ref-type="supplementary-material"} depict the percent of patients with an abnormally high percent cilia (greater than the 75^th^ percentile for normal tissue ; Q4) or an abnormally low percent cilia (less than or equal to the 25^th^ percentile for normal tissue; Q1).

(PDF)

###### 

Click here for additional data file.

###### Values for quantitation and analysis of cilia lengths in normal, normal adjacent to cancer, and BPH.

The data in this table corresponds to [Figure S6](#pone.0068521.s006){ref-type="supplementary-material"} ([Table S6A](#pone.0068521.s012){ref-type="supplementary-material"} corresponds to [Figure S6A,B,C,D](#pone.0068521.s006){ref-type="supplementary-material"} boxplots, [Table S6B](#pone.0068521.s012){ref-type="supplementary-material"} corresponds to Figure S6A,B,C,D bar graphs). [Figure S6](#pone.0068521.s006){ref-type="supplementary-material"} depicts boxplots of median cilia lengths per cell type (all epithelial/cancer, CK5+, CK5-, stromal) per patient for each tissue type: normal tissue, normal tissue adjacent to cancer (N Adj. Ca), and benign prostatic hyperplasia (BPH). Bar graphs in [Figure S6A,B,C,D](#pone.0068521.s006){ref-type="supplementary-material"} depict the percent of patients with abnormally long cilia (greater than the 75^th^ percentile for normal tissue ; Q4) or abnormally short cilia (less than or equal to the 25^th^ percentile for normal tissue; Q1).

(PDF)

###### 

Click here for additional data file.

###### Statistically significant correlation between patient characteristics and high or moderate/low nuclear β-catenin in cancers.

Nuclear β-catenin was correlated to capsular penetration and biochemical recurrence using a two-by-two table. Biochemical recurrence was defined as free serum PSA \>0.1 ng/ml for two consecutive measurements. ≤75th percentile of nuclear β -catenin of normal basal cells is considered low/moderate nuclear β -catenin, while \>75th percentile of nuclear β -catenin of normal basal cells is considered high nuclear β -catenin.

(PDF)

###### 

Click here for additional data file.

###### Correlation between patient characteristics and percent cilia in all epithelial cells in normal adjacent to cancer.

Patient characteristics were correlated to percent ciliated epithelial cells in normal tissue adjacent to cancer using linear regression. Number of patients =16.

(PDF)

###### 

Click here for additional data file.

###### Correlation between patient characteristics and percent cilia in CK5+ epithelial cells in normal adjacent to cancer.

Patient characteristics were correlated to percent ciliated CK5+ epithelial cells in normal tissue adjacent to cancer using linear regression. Number of patients =16.

(PDF)

###### 

Click here for additional data file.

###### Correlation between patient characteristics and percent cilia in CK5-epithelial cells in normal adjacent to cancer.

Patient characteristics were correlated to percent ciliated CK5-epithelial cells in normal tissue adjacent to cancer using linear regression. Number of patients =16.

(PDF)

###### 

Click here for additional data file.

###### Correlation between patient characteristics and percent cilia in CK5+ PIN cells.

Patient characteristics were correlated to percent ciliated CK5+ epithelial cells in PIN using linear regression. Number of patients =24.

(PDF)

###### 

Click here for additional data file.

###### Correlation between patient characteristics and percent cilia in all cancer cells in prostate cancers.

Patient characteristics were correlated to percent ciliated cancer cells using linear regression. Number of patients =75.

(PDF)

###### 

Click here for additional data file.
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